Chromium K -edge X -ray absorption near -edge structure (XANES) spectra of natural ferropericlase were measured using an X -ray microbeam from a synchrotron radiation source to estimate the valence state of Cr. Measured samples were inclusions collected from lower -mantle diamonds. The obtained results revealed that divalent chromium is present in the materials in the lower mantle and that the proportion of Cr 2+ in the total Cr content varied among the samples. The valence state of chromium in the inclusions in diamonds is a potential indicator of the redox conditions in the lower mantle.
INTRODUCTION
The redox condition of the earth's interior has attracted considerable attention because it influences various properties of minerals, for example, phase relationship, water content, elasticity, electrical conductivity, and partition coefficients of elements (e.g., Dobson and Brodholt, 2000) . The valence of iron in mantle -derived minerals has been investigated in order to determine the redox condition of the earth's interior (e.g., Luth et al., 1990) . By conducting high -pressure and temperature experiments, Frost et al. (2004) reported that the valence of iron in lower -mantle minerals is controlled by the crystallographic structure of the host minerals and not by their redox state. They suggested that aluminous silicate perovskite, which is a dominant lower -mantle mineral, has a high Fe 3+ /ΣFe value, even under reduced conditions due to the crystallographic constraint. In contrast, divalent iron is the dominant species in olivine, which is the main constituent mineral in the upper mantle. Thus, the valence of iron in mantle -derived minerals is not sensitive to deciphering the redox conditions of the earth's interior. Alternatively, we focus our attention on the chromium ion, which has three valence states (+2, +3, and +6). Chromium is mostly found as Cr 3+ and Cr 6+ ions in terrestrial minerals. However, minerals formed under extremely reduced conditions, for example, lunar olivine, can contain Cr 2+ in their structure (Sutton et al., 1993) . Eeckhout et al. (2007) ) to occur. Thus, the presence of Cr 2+ in a mineral could be an indicator of the reduced environment. Diamond is a chemically and physically stable mineral, and inclusions in diamond are potential samples that can preserve information from a deep part of the mantle. The chromium content in ferropericlase inclusions in diamonds obtained from the lower mantle ranges from 0.3 to 0.8 wt% as Cr 2 O 3 (Stachel et al., 2000) and is sufficient to determine the valence state by measuring X -ray absorption near -edge structure (XANES) spectra. In this study, we investigated the oxidation state of chromium in natural ferropericlase inclusions in diamonds by XANES spectroscopy.
EXPERIMENTAL SECTION

Samples
The ferropericlase specimens used in this study are present as inclusions in diamonds. One sample (BZ238B) was collected from São Luiz, Brazil and two (JH11A1 and GU4A1) from Guinea, West Africa. These ferropericlase inclusions were described as the lower mantle origin (Harte et al., 1999) . All the ferropericlase specimens were extracted by crushing diamonds, mounted in an epoxy resin, and polished for measurements. The inclusions were greater than 50 µm in diameter. Table 1 lists the chemical compositions of the three inclusion samples reported by Hutchison (1997) and Harte et al. (1999) .
XANES spectra measurements
Chromium K -edge XANES spectra were measured in the fluorescence mode at room temperature using the BL -4A beamline of the Photon Factory, High Energy Accelerator Research Organization (KEK), Japan. The current of Xray storage ring was approximately 350 mA, and the beam energy was 2.5 GeV. The BL -4A is a beamline designed for microbeam X -ray fluorescence analysis (Gohshi et al., 1988) . Monochromatic excitation energy was obtained using a Si(111) double -crystal monochromator. The X -rays were focused onto an area of 6 (horizontal) µm × 4 (vertical) µm by Kirkpatrick -Baez mirror optics (K -B mirror). The samples were fixed to a sample holder by an adhesive tape and positioned at an angle of 45° with respect to the incident beam. The fluorescence X -ray generated from a sample was measured using a Si(Li) solid -state detector. The intensity of the incident beam (I 0 ) was monitored in an ion chamber filled with air. The pre -edge peak of K 2 Cr 2 O 7 observed at 5989 eV was used to provide the energy calibration. The spectral resolution was approximately 0.6 eV in the measured energy region. The data were collected with energy steps of 1 eV in the range 5950 -5973 eV, 0.25 eV in the range 5973 -6050 eV, and 1 eV in the range 6050 -6080 eV. It took approximately 50 min to obtain one scan, and minimum three scans were averaged to obtain a spectrum of ferropericlase samples. Figure 1 shows the XANES spectra of the natural ferropericlase specimen (GU4A1) and reference samples. The reference samples were chemical reagents of CrF 2 , Cr 2 O 3 , and K 2 CrO 4 . For all the spectra, a horizontal baseline was subtracted and normalized to the crest of the main absorption edge. The oxidation state of the transition metal cations can be estimated from the pre -edge features observed on the low -energy side of the main peak. The spectral profiles of the three representative chemical reagents having different valence values are shown in Figure 1 . A prominent pre -edge peak of K 2 CrO 4 (Cr ) have weak shoulder peaks at approximately 5996 and 5998 eV, respectively. Furthermore, their main absorption edges shift to higherenergy states with increasing oxidation state.
RESULTS AND DISCUSSION
The Cr K -edge XANES spectra of the natural ferropericlase samples are shown in Figure 2 . All the XANES spectra reveal absorption edges at around 6004 eV, and a weak shoulder peak is observed on the low -energy side. The energy of the shoulder component coincides with that of the standard sample of CrF 2 . A similar spectral profile was reported on synthetic Cr -bearing ferropericlase and periclase samples that contained Cr 2+ in their structure (Eeckhout et al., 2007) . The results of the present study strongly suggest that the natural ferropericlase inclusions in diamonds that originated from the lower mantle contain Cr 2+ in their structure. Moreover, considerable differences can be observed in the relative intensities of the lower -energy shoulder at 5996 eV derived from divalent Cr among the specimens (Fig. 2) . The different intensities of the shoulder peak ob- , and estimated Cr 2+ concentrations in the studied specimens
The composition data of BZ238B and GU4A1 were collected from Harte et al. (1999) , and those of JH11A1 were collected from Hutchison (1997 served in natural ferropericlase suggest that the valence state of Cr changes considerably between different samples. The Cr 2+ concentrations in Cr -bearing silicate glasses quenched from melts were estimated by quantifying the intensity of the shoulder on the low -energy side of the edge crest (Berry and O'Neill, 2004) . According to their study, the intensity of the shoulder was quantified from the area of the Cr 2+ absorption edge in the derivative XANES spectra. They suggested that the XANES spectra of Cr -bearing silicate glasses quenched from melts could be represented as a function of their oxygen fugacity. Recently, Eeckhout et al. (2007) reported that the Cr 2+ concentrations are closely related to the relative area of the absorption edge shoulder observed in the XANES spectra of Cr -bearing enstatite (Cr 2+ in Mg 0.90 Cr 0.10 SiO 3 ) and chromite (Cr 3+ in FeCr 2 O 4 ). These two calibration lines reported by the two research groups are very similar and result in the same Cr 2+ concentration within the experimental error. In the present study, we use the calibration line reported by Eeckhout et al. (2007) for estimating the Cr 2+ concentration because they quantified the Cr 2+ concentration in synthetic Cr -bearing ferropericlase samples by using this calibration line. Consequently, the Cr 2+ concentrations obtained for natural ferropericlase in the present study are comparable with those obtained for synthetic ferropericlase and periclase reported by Eeckhout et al. (2007) .
To calculate the proportion of Cr 2+ in the total Cr content, the derivative areas of the shoulder on the Cr 2+ absorption edge for the natural ferropericlase samples were estimated by using a Gaussian profile for the fit. The Cr 2+ concentration was estimated from the obtained shoulder area by using the calibration line reported by Eeckhout et al. (2007) (Fig. 3) . The results are listed in Table 1 . The uncertainty in the calculated area ranged from 5 to 20% in 1σ. It is noteworthy that the obtained Cr 2+ concentrations varied in the range of 4 to 15%. Eeckhout et al. (2007) reported that the Cr 2+ concentration in ferropericlase depends not only on redox conditions but also on conditions such as temperature, Fe content, and Fe 3+ content. Therefore, at this point, it is difficult to specify whether the difference in the valence state of Cr in the ferropericlase inclusions relates directly to a change in redox conditions. ) and in a natural ferropericlase sample (GU4A1). The dotted line represents the shoulder peak attributable to the Cr 2+ component. As mentioned above, chromium is mostly found as Cr 3+ and Cr 6+ in terrestrial materials, and it has been considered to be present as Cr 3+ in the earth's interior. This study demonstrates that a considerable proportion of Cr 2+ is present in the lower -mantle constituent mineral ferropericlase. Further, the XANES spectra of Cr -bearing ferropericlase samples synthesized under P -T conditions corresponding to the lower mantle will provide us with more detailed information on the redox environment in the deeper parts of the earth.
CONCLUDING REMARKS
Chromium K -edge X -ray absorption near -edge structure (XANES) spectra were recorded on Cr -bearing ferropericlase inclusions in natural diamonds obtained from the lower mantle. The obtained spectra revealed that a considerable amount of Cr 2+ was present in the studied samples and that the concentrations of Cr 2+ varied in the range of 4 to 15%. The valence state of Cr is a promising indicator of the chemical environment in the lower mantle.
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Manuscript handled by Norimasa Shimobayashi Figure 3 . Proportion of Cr 2+ in the total Cr content in the studied samples estimated from the area of the absorption edge shoulder (a.u.) by using the calibration line reported by Eeckhout et al. (2007) .
